Abstract--Illite polytype quantification allows the differentiation of diagenetic and detrital illite components. In Paleozoic shales from the Illinois Basin, we observe 3 polytypes: 1M d, 1M and 2M~. 1M d and 1M are of diagenetic origin and 2M1 is of detrital origin. In this paper, we compare experimental X-ray diffraction (XRD) traces with traces calculated using WILDFIRE 9 and quantify mixtures of all 3 polytypes, adjusting the effects of preferred orientation and overlapping peaks. The broad intensity ("illite hump") around the illite 003, which is very common in illite from shales, is caused by the presence of 1M d illite and mixing of illite polytypes and is not an artifact of sample preparation or other impurities in the sample. Illite polytype quantification provides a tool to extrapolate the K/Ar age and chemistry of the detrital and diagenetic end-members by analysis of different size fractions containing different proportions of diagenetic and detrital illite polytypes.
INTRODUCTION
Illite is the major component of modern muds and ancient shaley rocks and an important diagenetic and detrital mineral in low-temperature sedimentary systems. Weaver and Broekstra (1984) and Hunziker et al. (1986) used the presence and quantity of diagenetic 2M, illite as a geothermometer. However, most 2M1 illite in shales is not diagenetic but detrital in origin, while the IMd and 1M polytypes are commonly diagenetic (Bailey 1966) . We quantify illite polytypes to measure the relative proportions of detrital (2M0 and diagenetic (1M + 1Md) illite.
Polytypism, a special case of polymorphism, is defined in Bailey et al. (1977) and Guinier et al. (1984) . Smith and Yoder (1956) derived the 6 possible mica polytypes. For illite we find in nature the 2M 1, the 1M, the disordered 1M, the 1M d and the 3T polytypes (Levinson 1955) . Although the 3T polytype has been reported in few cases (Horton 1983 ), Reynolds and Thomson (1993) showed that the 3T polytype can be easily mistaken for the cis-vacant 1M polytype. Therefore, the 3T polytype is not considered in our quantification.
Various methods have been used by other workers to identify and quantify illite polytypes. All of the methods divide the peak area or peak height of a polytype-specific 2M 1 peak by either a peak that is common to all illite polytypes or a peak that is unique to the 1M polytype. Maxwell and Hower (1967) , Velde and Hower (1963) , and Reynolds (1963) quantified the amount of 2M 1 and 1Mj illite by dividing the area of a peak unique to the 2M 1 polytype by the area of the 2.58-.~ band, common to all illite polytypes. Maxwell and Hower (1967) used the 2M~ polytype-specific 2.80-A peak, Velde and Hower (1963) the 3.74-A peak, and Reynolds (1963) the 3.00-,~ peak. Caill~re et al. (1982) , described in Dalla Torre et al. (1994) , quantified the amount of 2M1 and 1M illite by dividing the area of the 3.00-A peak, which is unique to the 2M1 polytype, by the area of the 3.06-.~ peak, which is unique to the 1M polytype. 1Md illite cannot be quantified using their method. Tettenhorst and Cotbat6 (1993) used the ratio of 3 peaks (5.0 A, 2.58 and 2.80 ]k) and computer modeling to adjust for preferred orientation due to sample preparation. None of the methods cited above quantifies all 3 polytypes, corrects for small amounts of expandable layers and interference minerals (for example, apatite 2.80 .A) or can deal with rotational disorder in the 1M d polytype.
Illite XRD patterns of random powders often show an enigmatic broad intensity centered around the illite 003 position. For simplicity, we will use the term "illite hump" for this diffraction phenomenon. We will show that this illite hump can be explained either by the presence of the 1M d polytype or by mixing of illite polytypes.
The method presented in this paper compares experimental XRD patterns with calculated patterns modeled using WILDFIRE 9 (Reynolds 1993 (Reynolds , 1994 . These comparisons can adjust for effects of preferred orientation, overlapping peaks, different cation occupancies, % expandability, crystallite size and chemical composition. Even mixtures of 3 different polytypes and mixtures of 1Md and 1M illite can be quantified.
We use illite polytype quantification to extrapolate the diagenetic age and the detrital age of illite, similar to the method of Pevear (1992) , and to extrapolate the chemistry of the end-members. The diagenetic age of illite is important in determining the thermal history of a basin, and the detrital age can determine the provenance. The chemical composition of the diagenetic illite can be used to characterize the fluid chemistry that formed the illite.
METHODS

Sample Preparation and XRD Data Collection
The quantification described in this paper compares the experimental XRD patterns of random powders with those calculated using WILDFIRE 9 Calculated patterns are good models for natural samples because the physical basis for modeling XRD patterns has been clearly demonstrated (James 1965) and because WILDFIRE 9 is based on first principles of XRD. However, we acknowledge the limitations of modeling in the sense of Oreskes et al. (1994) , that models demonstrate a probable solution but are not proof in an absolute sense.
When comparing calculated patterns with experimental XRD patterns, the resolution and reproducibility of the experimental XRD pattern are crucial. To achieve this, both the methods of sample preparation and the XRD data collection are very important.
We first size-separated the samples, then flocculated the suspension using a few drops of 0.1 M CaC12, and poured off the clear supernate, Next, we dialyzed the samples to remove any ions in the suspension (for example, CI, Na and K). The suspensions were then evaporated. Abundant chlorite, carbonate and organic matter were removed. The organics were removed using 33%-strength household bleach (sodium hypochlorite). The chlorite and the carbonates were removed by dissolution in a nearly boiling 1 M HNO 3 solution overnight. Afterwards we added 0.1 M Na2CO~ solution to remove the silica in solution formed by the dissolution of chlorite and rinsed the supernate with deionized water several times. All treatments were followed by dialysis.
The best resolution of the illite polytypes was achieved by: 1) maximizing the random orientation of the powder pack; 2) removing the interlayer water from smectite; and 3) step-scanning the powder pack with a long counting time.
RANDOM ORIENTATION. NO sample preparation can entirely eliminate preferred orientation. To make the powder packs as randomly oriented as possible, we side-packed our samples (Brown and Brindley 1980) . A good measure of the randomness was the intensity ratio of am illite 001 d-spacing with the illite 020 (4.5 ,~). As a rule of thumb, acceptable randomness was achieved if the 020 was significantly larger than the 002. This ratio does not apply for Fe-rich illite, which has a very weak 002 reflection.
REMOVAL OF INTERLAYER WATER. Austin et al. (1989) showed that the interlayer water associated with expandable interlayers obscures the polytype analysis by XRD. Moore and Hower (1986) showed that expandable interlayers rehydrate very quickly. Therefore, we dehydrated the sample at 250 ~ for 1 h and prevented rehydration by running the powder pack in a dry (Nz), controlled atmosphere chamber. Illite with very few expandable interlayers (<<5%) were not heated. SCANNING RATE. lllite hkl reflections are not very intense and are often difficult to distinguish from the background. Our goal was to achieve good counting statistics and increase the signal-to-noise ratio. Therefore, we used the step-scanning mode with a step size of 0.05 degrees and a counting time of at least 30 s per step.
XRD data were obtained using a Scintag | 0-0-diffractometer with a DMS | operating system and operating conditions of 40 kV, 30 mA. This diffractometer uses CuKtx radiation, a N2-cooled germanium detector, 2 Soller slits, a 2-ram divergence slit and a 0.5-ram slit at the detector.
WILDFIRE 9 Description
The algorithm used in WILDFIRE 9 (Reynolds 1993 ) is based on basic optical principles (James 1965) . WILDFIRE 9 can calculate the XRD tracings of 1M, 2M1, 2M2 and 3T mica polytypes. In addition, it can calculate disordered 1M XRD patterns. Disorder is a function of the amount of 60 ~ 120 ~ 180 ~ 240 ~ and 300 ~ rotations between the 2:1 layers, the proportion of cis-vacant (cv) to trans-vacant (tv) sites in the octahedral sheet and the % of expandable layers. 1M illite can be cv, as discovered by Drits and coworkers Tsipursky and Drits 1984; Reynolds and Thomson 1993) , but 1M and 1Md illite are most commonly tv. A subroutine of WILDFIRE 9 (Mixer 9 was used to mix the individual calculated and experimental patterns for our iUite polytype quantification. The peak areas and heights of our experimental and calculated patterns were measured using Plotmod 9 within WILDFIRE 9 RESULTS Illite polytype quantification compares experimental XRD traces with WILDFIRE 9 calculated traces. Three polytypes were used to model sample G 26-1 (Figure 1 ) because the 1-12 (3.63-*) and 112 (3.07-.&) 1M illite peaks are too sharp to be 1Md illite and the illite hump around the illite 003 is too large to be solely 1M illite. We compared 3 features to find the best fit between the calculated and experimental tracings: 1) the intensity and breadth of the polytype-specific reflections; 2) the intensity of the 2.58-A band; and 3) the degree of preferred orientation. Table 1 compares our results using WILDFIRE 9 with quantitative models used in the literature. The method used by Caill~re et al. (1982) quantifies 1M and 2M1 but cannot quantify 1Md; therefore, their value for 2M l is too high.
The quantification can also be performed by comparing the measured peak heights and areas in the experimental trace with those in the calculated trace. First we mixed the 3 end-members shown in Figure 2 . An example, mixing 2M l with IMo, is shown in Figure  3 . Then we measured the polytype-specific and the 2.58-A peak heights and areas of these individual mixtures. The data from these mixtures were then plotted and showed the following results for each polytype: :~ % 2M, = 100 x (3.00 A/2.58 A). w % 2M1 = 0.23 + 242X -398XA2 + 432XA3 --176XA4. X = (3.00 ,~/(3.00 /~ + 3.06 ,~). 
2M1 Illite
Both peak heights and areas of 2Ml polytype-specific peaks increase linearly with increasing amount of 2M 1, independent of which illite polytype or polytypes was mixed with the 2M~ polytype. Figure 4 shows the peak area of the 2M1 polytype-specific 32.1 ~ (2.80-/k, 116) peak plotted against % 2M~ illite. The 2M, polytype pattern was mixed with 1M and 1M d illite patterns. Both mixtures, 2M~ + 1M and 2M1 + 1Md, lie on the same line, which implies that the relative proportion of 2M~ illite is independent of the polytype with which it is mixed. A reason for this is that the mass adsorption coefficients of the different polytypes are similar, except for Fe-rich illite. All polytype-specific reflections of 2M~ lie on lines similar to Figure  4 , but with different slopes.
To quantify 2M~ illite by measuring the peak height or area of 2Mj polytype-specific peaks is not sufficient. A polytype-specific 2M1 reflection needs to be proportioned to a reflection that is a measure of the total illite. This is necessary because 1Md illite has only weak to no polytype-specific reflections. Figure  1 shows that a mixture containing up to 65% of 1M d illite shows no polytype-specific 1Md peaks. A reflection common to all 3 polytypes and least affected by preferred orientation is the 2.58-,~ band, which has been used previously (Velde and Hower 1963; Reynolds 1963; Maxwell and Hower 1967) .
Plots of the peak height and area of any polytypespecific reflections divided by the area of the 2.58 -0 band also show a linear trend. Figure 5 shows one example. The resulting linear equation can be used to calculate the % 2M~ illite. This linear trend holds for all 2Ml polytype-specific peaks. Examples of resulting linear equations for calculating the % 2M1 illite are listed in Table 2 .
1M Illite
The peak height and area of the polytype-specific 1M peaks also increase linearly with increasing w H = Height of 2Ml polytype-specific peak divided by the area of the 2.58-,~ band.
amount of 1M present. Figure 6 shows the 24.3 ~ (3.66-.~, -/-12) peak area plotted against % 1M illite. The peak areas of 1M mixed with 2M 1 and 1M mixed with 1Ma increase linearly but lie on different lines. The reason is that 1M polytype-specific peaks overlap with the weak and broad 1Ma polytype-specific peaks.
There are 2 methods to quantify the 1M polytype. The first method, introduced by Caill~re et al. (1982) , described in Dalla Torte et al. (1994) , ratios the intensity of a 1M peak with the intensity of a 2M1 peak. The 4th order equation we calculated using the data from Dalla Torre et al. (1994) is listed in Table 1 . Their method cannot quantify 1M d illite, which makes it difficult to quantify illites in shales and bentonites.
The second method ratios a 1M peak with the 2.58-.~ band, which is the same method that was used to calculate 2M1 illite. The equations used to calculate % 1M illite are listed in Table 3 .
If the sum of 2M~ and 1M illite is smaller than 100%, either 1M d illite is present or the powder pack is preferentially oriented. When 1M d is mixed with 1M illite, difficulties arise because the 1Ma polytype-specific peaks overlap with the 1M peaks. These overlapping peaks are very difficult to detect in the XRD trace because the 1Md illite is commonly expressed as very weak broad peaks with a large illite hump, similar to the 1Ma illite in Figure 2 . If the 1M illite polytypespecific peaks can be measured independently, the equation in Table 3 can be used to calculate the percentage of 1M. If peak overlap occurs, the best option is to visually compare the experimental with mixed WILDFIRE 9 calculated traces.
1Md Illite 1Md illite is difficult to quantify directly. The 1Md polytype can be quantified by difference: % 1Md = 100 --(% 1M + % 2Mj) [1] or by visual comparison. The first way is easy and quick with a large error, while the second is more precise but much more time-consuming. The size of the illite hump can be quantified best by visual comparison. There are 2 ways to detect the presence of 1Md illite: 1) by the presence of the illite hump around the illite 003, or 2) by the presence of broad polytypespecific IM tv or cv peaks with low intensities. The size of the illite hump and the broad polytype-specific 1M peaks are a function of the degree of 1Ma disorder. 1Ma can range from completely disordered to very ordered, transforming from 1Ma to IM. Disorder can be described as a function of P0, the proportion of n.60 ~ and n. 120 ~ rotations, proportion of cv to tv, and percentage of expandable layers (Reynolds 1993) . We are able to quantify the amount of rotational disorder in the 1M structure by means of the variable P0. There is yet no agreement on the value of P0 that is necessary for the term 1Ma. In the absence of approved nomenclature, we will use the term 1M for structures that show no rotational disorder based on broadening and weakening of the polytype-specific reflections.
A word of caution when describing the illite hump: pure 2Ml illite also has an elevated background between 21 and 34 ~ The elevated background comes from the abundance of 2M1 polytype-specific peaks in this range. Adding 1M tv illite will add to the elevated background by elevating the 24.3 and 29.1 ~ area. However, the elevated background due to mixing of the ordered polytypes is only a small component of Table 3 . Equations to calculate % 1M peaks using area and peak height of polytype-specific 1M peaks. Peak area and height were measured without overlapping 1M d peaks. w H = Height of 1M polytype-specific peak divided by the area of the 2.58-A band. the illite hump. In most cases, it is due to the presence of 1Md illite.
Clays and Clay Minerals
Test for Accuracy
We physically mixed different known polytypes to test the accuracy of our method and to test if natural samples can be simulated by mixing pure polytypes. The following standards were used as models for pure end-members: 1) the Tioga K-bentonite, a 1M d illite, 2) the RM-30 illite from Dennis Eberl (USGS, Boulder, Colorado), a 1M tv illite and 3) a 2MI illite of hydrothermal origin from the Yangsan area, Korea (courtesy of Yeongkyoo Kim, University of Illinois, Urbana, Illinois). The Tioga K-bentonite was used instead of the Deicke K-bentonite because the Tioga K-bentonite in our lab has fewer smectite interlayers and the XRD trace is similar to the 1Mo illite modeled in Figure 2 . We mixed 65% 1Mo (Tioga K-bentonite), 30% 2M1, and 5% 1M tv (RM-30). These are the same proportions as the calculated pattern simulating G 26-1 (0.5-1 ixm), shown in Figure 1 . Figure 7 shows the resulting mixed XRD trace together with the G 26-1 (0.5-1 p,m) experimental trace and the calculated trace. All 3 patterns are very similar, indicating that the mineral intensity factors of each of the 3 polytypes are similar and that mixed calculated patterns are a good model for naturally occurring mixtures. We calculated the percentage of 2M~ and 1M of the mixed experimental XRD trace using the equations in Tables  2 and 3 . The precision ranges from 2.5-5% absolute. The better the individual polytypes are modeled, the smaller the error.
DISCUSSION
The following section includes a discussion of the illite hump, the 2.58-,~ band and the potential uses for polytype quantification.
Illite Hump
The illite hump is an area of elevated intensity between 21 and 34 ~ centered around the illite 003. There are several explanations for the illite hump. Austin et al. (1989) showed that the illite hump decreased upon glycolation or heating, stressing that sample preparation is crucial in studying the illite hump. They explained the illite hump as either a broadening effect due to fine particle size or an artifact from noncrystalline inorganic and organic material. We tested their conclusion on a pure illite, the Waukesha Illite (Grathoff et al. 1995) . H202 and HNO3 were reacted with the iUite. Neither treatment changed the nature of the XRD pattern and the calculated proportions of polytypes.
Another possible explanation is that the illite hump is the summation of a large number of polytypes. However, mixing 3 polytypes using WILDFIRE 9 matches the experimental patterns as well. Therefore, we see no need for additional polytypes.
Calculated mixed illite polytype traces indicate that the illite hump is caused by 2 factors: 1) mixing of polytypes, and 2) the presence of IMd illite. In the case of mixing 1M and 2M~ polytypes, the illite hump is very small and can be called elevated background because it is a mixing effect. However, most illite humps are much larger than the elevated background and are caused by the presence of 1Ma illite. Reynolds' (1993) modeling of 1Md illites showed that inherent with 1Md illite is a large hump caused by rotational disorder, different proportions of cv and tv sites and the presence of expandable layers, which increases turbostratic disorder. Small amounts of 2M1 or 1M illite mixed together with 1M~ illite enlarge the illite hump and cause the broad 1Mu peaks to disappear.
Our conclusion is that the illite hump is not an artifact of 1) sample preparation; 2) a large number of polytypes; or 3) inorganic X-ray amorphous material. It is primarily due to the presence of 1Ma illite and mixing of polytypes.
2.58-~k Band 1M d illite has different degrees of disorder, expressed in the presence or absence of polytype-specific peaks. This complicates attempts to quantify the polytypes, especially if only polytype-specific peaks are used. Common to all illite polytype XRD patterns are the 001 reflections, the 020 and the 2.58-~k band.
The 2.58-,~ band consists of a number of peaks, depending on the polytype. Using Bailey (1980) tabulation of peaks for 1M tv and 2M~ illite and Reynolds Table 4 make up the 2.58-]k, -35 ~ (CuKe0 band. The 2.58-A band contains k = 3n peaks, which are unaffected by 120 ~ rotations. The 1M polytype can be thought of as having no rotations, the 2M] as having _+ 120 ~ rotations, and the 1M d as having n.60 ~ rotations, where n is both even and odd. If n is an odd integer, the k = 3n peaks will be affected. But half of the n.60 rotations will have an even integer, not affecting the k = 3n peaks. That is the reason why 1Md illite XRD patterns contain the 2.58-A band. In addition, the 2.58-A band is affected less by preferred orientation than the 00l and the 020 reflections and is of similar intensity between the different polytypes. Therefore, the 2.58-]k band is a good proxy for the total amount of illite.
Uses for Polytype Quantification
In most shales, illite consists of a mixture of at least 2 different polytypes of potentially different origins. Usually, the larger the grain size, the higher the percentage of detrital 2M~ illite . Our studies of the Maquoketa Group shales in the Illinois Basin show that neither the <0.2 ~m size fraction nor the <2 ~m size fractions contain solely 1 polytype. We find that the <0.2 p~m size fraction contains about 10% detrital 2M~ illite. Therefore, if illite polytype quantification, chemistry and K/Ar age are analyzed from at least 3 different size fractions, the chemistry and K/Ar age of the detrital and diagenetic end-members can be extrapolated. Figure 8 shows the extrapolated diagenetic and detrital ages of sample G 26-1, an Upper Ordovician Maquoketa Group shale. The diagenetic age is 320 Ma and the detrital age 520 Ma. The stratigraphic age of the Maquoketa Group is about 440 Ma. This proves that the different polytypes are of different origin, which is reasonable because 2Ml illite, the high-temperature illite polytype, is mixed with 1Md, the low-temperature polytype. We use a Silurian clay in Figure 9 to illustrate that the K content of the 2 end-members may be extrapolated, indicating that the 2 end-members have different K contents. Other analyses, for example, stable isotopic composition, can also be extrapolated, providing that the individual size fractions do not contain impurities. Pevear (1992) used a similar method, quantifying the detrital and diagenetic components of shales by decomposing XRD patterns of oriented mounts using NEWMOD 9 (Reynolds 1985) to extrapolate the diagenetic and detrital end-members.
CONCLUSION
Illite polytype quantification using WILDFIRE 9 can accurately calculate and model naturally occurring mixtures of illite polytypes. It can be used to quantify different polytypes of diagenetic and detrital origin, allowing the extrapolation to end-member K/Ar ages and chemical compositions. The illite hump, common to illites from shales, is not an artifact of sample preparation, a large number of polytypes or inorganic X-ray amorphous material, but is due to the presence Figure 9 . Extrapolation of detrital and diagenetic K content per O~0 (OH)2 of an illite from a Silurian clay layer at the base of the Brandon Bridge strata, near Waukesha, Wl, using illite polytype quantification and X-ray fluorescence data of different size fractions.
of 1Md illite and mixing of illite polytypes. Mixtures of illite polytypes are very common in shales and often include the 1Md polytype, the presence of which has been difficult to detect and quantify due to the absence of polytype-specific reflections. Studying and quantifying illite polytypes give information about illite that cannot be obtained using oriented patterns. R.C. Reynolds put it best (personal communication, 1995 CMS meeting in Baltimore, Maryland): "if you ignore illite polytypes when studying illite and illite/smectite in shales and bentonites, you are ignoring half the information."
